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Neutral dangling bonds may not be the dominant recombination centers
for photoconductivity in hot-wire a-Si:H
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Abstract

We explored the properties of the recombination centers in a-Si:H films deposited by HW-CVD compared to that by PE-CVD.
Thermostimulated conductivit{TSC), electron spin resonancéESR) and the constant photocurrent meth6@PM) were
measured before and after light soaking. We found flaatthe spectral lineshape of TSC and its light-induced changes show
different features in HW- compared to those in PE-CVD films &hglin the HW films the density of light-induced metastable
defects,AN,, from CPM is larger than thD° from ESR; however, in the PECVD filmAN, is smaller thanAD°. Some
possible explanations are discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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based on the multiple-trapping model, Fritzsche and
1. Introduction Ibaraki [3] developed the theory of TSC in amorphous
semiconductors containing a continuous distribution of

A fundamental problem of a-Si:H is the light-induced localized gap states. They found that neither the low-
metastable defect creation. The original Staebler—Wron-nor the high-temperature TSC peaks are caused by peaks
ski paper [1] describes that long exposure to light in the energy dependence of the density of gap states.
decreases both photoconductivif?C) and dark con-  According to the mode(3], in the initial period after
ductivity (o¢) in a-Si:H prepared by plasma-enhanced the light is switched off, the thermal generation of
chemical vapor depositiofPE-CVD). The o activation carriers is balanced by recombination, and the form of
energy, E,, increases due to metastable dangling bond the distribution function depends on the relative impor-
(DB) creation near the middle of the gdf]. Interest-  tance of either recombination or retrapping. Fig. 1a,b
ingly, the PC shows a relatively stable value aBgd  shows the distribution functior(a) For strong recom-
decreases upon light soaking in a-Si:H films prepared bination, the recombination raté, is larger than the
by hot-wire (HW)-CVD [2]. In order to understand trapping ratep, > b,. The quasi-Fermi levet, is always
these anomalous photo-induced changes, we explorethelow the demarcation energsy, and the carrier distri-
the properties of the recombination centers by measuringbution function f(E) has a sudden jump &, by the
TSC, ESR and CPM. ESR measures the density of eqyction of the mobile carrier density, due to strong
neutral dangling bond®° and CPM takes into account  racombination(b) For weak recombinatiory, <b,. At
all the electron transitions from gap states to the con- |5, temperatures, is above E, and slowly moves
duction band edge. . down as the temperature increases, and finally reaches

The TSC technique may not be as sensitive as deep-g _ g~ The carrier distribution functioff(E) has no
level transient spectroscoffpLTS) to characterize the  g,qgen jump in the transition zone. In the case of strong
deep centers and may give misleading results. However’recombination, the theory3] predicts that there is a

*Corresponding author. Faxt1-919-962-0480. sudden rise near the transition from the initial rise to
E-mail address: daxing@physics.unc.ed®. Han). the steady-state regime. However, this case has never
1 Retired. been observed in any a-Si:H-based filf3s-5. Hence,

0040-6090/03/$ - see front matt@€r 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0040-6090(03)00099-3



142 D. Han et al. / Thin Solid Films 430 (2003) 141-144

- (2) by > by 104 ]
E 5 s £ 10°) ]
i i o B ]
; D N N RS PE-CVD
1;2 E‘ EI ‘E 1081 —*%— HW-CVD |
a d c 3 A |
(b) by <by =
' c
| 8 10 By
) - . XX
= ! ! - A B
%0 L >9
o : : A2 I ST NI RN R
b 10 0 5 10 15 20 25
I ‘ Light soaking time ()
Eqy Eq E. 9 9
Electron energy E Fig. 2. The conductivity before, during and after light soaking for

typical intrinsic a-Si:H films made by HW-CVD and PE-CVD. The
solid line is for film T773,(T779 and T837 are similaand the dotted

Fig. 1. Non-equilibri ier distribution function f t d
ig on-equilibrium carrier distribution function f¢a) strong an line is for A7119(PE#1 is similan.

(b) weak recombination relative to retrapping; is the demarcation
energy defined ag,= —kTInv that moves with time towards lower
energy, E, is the quasi-Fermi level and, is the electron mobility

edge films and their initial activation energy was larger than

after being light-soaked.

In TSC studies, the MMR micro-probe system with
vacuum of 104 Torr was used to mount the sample.
The sample was first cooled down to 120 K and then
exposed to the 632.8-nm laser light with an exposure
time of 1.=60 s. After a delay timet,=30 min TSC
was measured in a step-heating process with a constant
_ heating rate off = 1.5 K/min in the dark. Ohmic contact
2. Experimental and a low field of 16 Vcm were used to avoid

electrode effects. A Keithley 6512 programmable elec-

Device-quality intrinsic a-Si:H films were prepared trometer was used to record the current. Theview
by HW-CVD at the National Renewable Energy Labor- program was used for experimental control and data
atory (NREL) and by PE-CVD at BP-Solarex, United acquisition. Light soaking was performed in situ. The
Solar Corp(USSO and Kanazawa University. The flm sample temperature was kept at 36 during light
deposition conditions are listed in Table 1. The HW soaking. State A was reached after the sample was
films H954 and H955 were deposited at a relatively low annealed in vacuum for 1 h at 16C; state B was
temperature using a separated deposition system. Theireached by application of 200-m{m? white light
PC was not as stable as those deposited at high tempetthrough a water filter for 4 h. The details of EGBPM
atures, but they still were more stable than PECVD measurements can be found elsewHéra|.

the commonly recognized recombination centdps,

are sort of weak recombination centers with< b,. We

do not analyze the whole TSC spectra here, but only
pay attention to the transition zone from the initial rise
to the steady-state regime.

Table 1
Sample preparation conditions

Sample ID Growth Substrate Substrate Reaction Thickness Supplier
method T, (°C) gas (pm)
T773 HW 360 Corning glass SiH 1.1 NREL
T779 HW 360 Corning glass SiH 0.45 NREL
T837 HW 400 Corning glass SiH 1.2 NREL
A7119 DC-PE 200 Corning glass SiH 3.0 BP-SLX
11961 RF-PE ~200 Corning glass Si HH, 0.5 USSC
H954 HW 150 Quartz SiH 0.7 NREL
H955 HW 250 Quartz Sii 0.8 NREL

PE#1 RF-PE 250-300 Quartz SiH 0.8 Kanazawa University




D. Han et al. / Thin Solid Films 430 (2003) 141-144 143

Table 2 substrate temperatures of 150 and 260n comparison
Conductivity activation energy for annealed and light-soaked states {4 the PE-CVD film. Fig. 4a,b shows the CPM and ESR
results for states A and B. For the ESR data, only the
bulk defect density was counted by assuming that the
density of surface defects is the same for all the films,
based on the previous experimental resy@®]. The
light soaking results in an increase in defect density
3. Results from 3 to 9x10* cm 2 for all the films. The CPM
data show a parallel increase Ny, but the ESR data
Fig. 2 shows the typical photodegradation of PC and show a much larger increase iy for the PECVD film
oy for device-quality intrinsic PE-CVD a-Si:H film  than for the HW films. We plotted the density of light-
deposited at 200C and HW-CVD film deposited at induced metastable defectAN,;=N4(B)—N4(A) and
320<T,<440 °C. The dotted line represents the light- AD°=D°B)—D%A), in Fig. 4c. The interesting thing
soaking effect for PE-CVD film, which shows a decrease is that for HW films ANy deduced from CPM is larger
in both PC andoy Compared to the PE-CVD film, thanAD®, but for the PE-CVD filmANy is smaller than
there is better PC stability and an increasesinupon AD®°. The latter effect is commonly observed in PE-
light soaking for the HW film. For the films listed in CVD film [6,7]. Assuming that the inhomogeneous
Table 1, the Fermi-level position is deduced from the
conductivity activation energy according tey=

Sample ID 11961 A7119 H954 H955 T773 T779 T837

E,(A) (eV) 092 0.73 0.86 095 098 105 0.96
E,(B) (eV) 085 0.77 081 085 084 086 0.82

T

o.exp(—E./kT). We took the conductivity data from a 107 |

S S e State A
temperature cycle of 270—420 K to deduce the activation \ State B
energy. The values of,(A) and E(B) are listed in 10°% |-

Table 2. It is evident that, moves in the opposite
direction upon light soaking for the HW and PE-CVD
films. The high-H-diluted PE-CVD film 11961 is an
exception, for whichE; moves up. Fig. 3a,b shows the
TSC curves for samples T779 and A7119 in states A
and B. The most interesting feature is that a sudden rise
occurs in the TSC near 200 K in the HW film for both
states A and B, as shown in Fig. 3a. According to
Fritzsche’s theon|f3], this is evidence of strong recom-
bination centers. It means that the recombination rate
for electronsb, is larger than the trapping raté; > b,.

D™, which has a larger capture rate for electrons than 1000/T (1/K)
D®°, is the candidate for the strong electron recombina-
tion center. A sudden rise in the TSC near 200 K has
also been observed in the other HW films, T837 and

T T T
T773, whereas a smooth transition in the TSC, similar 107y e State A
to that for A7119, was observed for PE-CVD film . _ StateB
11961. Hence, the sudden rise in TSC is characteristic 10
for the HW-CVD a-Si:H deposited at high substrate tg 10°
temperatures. ?
Regardless of Fritzsche's modé], the sudden peak E 1o}
followed by a dip in TSC spectrum can be explained e
by the fact that a trap is emptying. It is evident in Fig. 3 10"
3a for the HW film that the energy position of the two © o™
traps moved upwards towards the conduction band edge
after light soaking, and a third trap is emptying just 10"}
below room temperature in state B. On the other hand,
two traps moved downwards in the PE-CVD film. These 1073

explanations are consistent with the opposite-direction
movement of the Fermi-level positions upon light soak-
ing in HW and PE-CVD films. Fig. 3. Thermostimulated conductivity in annealed state A and light-

We have measured the density of defect states byspaked state Bia) for HW-CVD film T779 and(b) for PE-CVD film
ESR and CPM on two HW-CVD films deposited at A7119.

1000/T (1/K)
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mechanisms, as followg:a) the upward movement of
N (@) o (o) the Fermi-level,E;, position: Assume thaD° is the
? 1017} h ] dominant recombination center and the electron lifetime
O A ] is in inverse proportion to the density BP. The creation
. of metastable DBs could be balanced by the upward
o ] movement ofE;, which results in filling of partialD®
A/ ] centers that are located belaky. Therefore, the total
1016} 4 number of D°, and thus the electron lifetime, could
| ] change much less than in the case Bf moving
AT De(A)bulk ] downwards. The CPNESR results in Fig. 4 support
— & -Ny(B) — & -DoB)bulk & | these arguments. The alternative explanation of the TSC
data in Fig. 3 also supports these argumefits: the
existence of stronger electron recombination centers,
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Sample ID .
such as positively charged defeds?. We have shown
evidence of strong recombination centers for electrons
by thermostimulated current measurement® 1f rather
?.é‘ © than D° act as dominant recombination centers for both
S 1017 4 states A and B, the PC should be relatively stable upon
@ : Z S light-inducedD*® creation. As is known, the capture rate
3 ° o | of D* for electrons is much greater than that?. A
2 ] density of 10° cm?® ofD* among total defects of
2 e | 10* cm 2 would dominate the electron lifetime. Obvi-
2 ously, an increase in metastalid® of the order of 16°
S 1018} . cm~2 cannot change the electron lifetime much.
E i 1 Alternatively, the TSC data point to the existence of
2 & ESR.aDe 1 a third trapping level that might be the shallow recom-
'c‘fg' ® CPM, ANy ] bination center for HW-CVD films.
O]
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distribution of photocreated DBs is the same in all the
films after the same light soaking processes, the different
results between HW- and PE-CVD films can be

explained by movement in the opposite direction of the

Fermi level (E;) upon light soaking, i.e. after light measurements.
soaking,E; moved upwards in the HW films, which left
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